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Plexin-A3 Mediates Semaphorin Signaling and
Regulates the Development of Hippocampal
Axonal Projections
tebrate plexins are divided into four subfamilies (A
through D) based on structural similarity (Tamagnone et
al., 1999). All these proteins are transmembrane proteins
with a semaphorin (sema) domain followed by a cysteine-
rich motif in their extracellular region and a conserved
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mic region (Ohta et al., 1995; Maestrini et al., 1996; Ta-University of California, San Francisco
magnone et al., 1999). Genetic and biochemical studiesSan Francisco, California 94143-0452
in Drosophila demonstrated that D-plexin-A is a func-2 Neurodevelopmental Disorders Laboratory
tional receptor for Sema1A/B required for regulating ax-Department of Neurology
onal fasciculation, as many motor axons fail to defasci-University of California, San Francisco
culate at important choice points in plexin-deficient fliesSan Francisco, California 94143-0435
(Winberg et al., 1998). In vertebrates, several plexins
have been shown to interact directly with some class
4, 7, and V semaphorins (Comeau et al., 1998; TakahashiSummary
et al., 1999; Tamagnone et al., 1999).
Class 3 semaphorins, however, do not appear to bindPlexins are receptors implicated in mediating signal-
plexins directly. Rather, available evidence has sug-ing by semaphorins, a family of axonal chemorepel-
gested a model in which the functional receptors forlents. The role of specific plexins in mediating sema-
these semaphorins are complexes of plexins and neu-phorin function in vivo has not, however, yet been
ropilins, with neuropilins serving as ligand bindingexamined in vertebrates. Here, we show that plexin-
moieties and plexins as signaling moieties in the com-A3 is the most ubiquitously expressed plexin family
plexes (Takahashi et al., 1999; Tamagnone et al., 1999).member within regions of the developing mammalian
There are two neuropilins, neuropilin-1 and neuropilin-2,nervous system known to contain semaphorin-respon-
which bind the five class 3 semaphorins differentially.sive neurons. Using a chimeric receptor construct,
Thus, Sema3A binds neuropilin-1 preferentially, whereaswe provide evidence that plexin-A3 can transduce a
Sema3F binds neuropilin-2 preferentially (reviewed inrepulsive signal in growth cones in vitro. Analysis of
Nakamura et al., 2000). This binding specificity, togetherplexin-A3 knockout mice shows that plexin-A3 con-
with the restricted distributions of these proteins, ex-tributes to Sema3F and Sema3A signaling and that
plains the specificity of responses of different neuronsplexin-A3 regulates the development of hippocampal
to class 3 semaphorins (Chen et al., 1998; Giger et al.,axonal projections in vivo.
1998; Takahashi et al., 1998). Loss-of-function studies
have supported the necessary requirement of neuropi-
Introduction lins for class 3 semaphorin actions (Behar et al., 1996;
Kitsukawa et al., 1997; Taniguchi et al., 1997; Chen et
During the formation of the embryonic nervous system, al., 2000; Giger et al., 2000).
axons are guided to their targets by environmental cues, Several important issues surrounding the roles of
which they sense using specific receptor proteins (Tes- plexins in semaphorin signaling in vertebrates remain
sier-Lavigne and Goodman, 1996). Several environmen- unaddressed at this time. First, no loss-of-function data
tal cues, chemoattractants and chemorepellents, have in vivo have been reported to support a role for verte-
been identified, including one large family, the semapho- brate plexins in axon guidance during normal develop-
rins, which comprises both secreted and transmem- ment. Second, the roles of specific plexins in guidance
brane members. Among the best-characterized verte- have not been elucidated; indeed, for the most part, the
brate semaphorins are the secreted members in class distributions of the nine plexin family members have not
3, of which there are currently five known members in been examined in sufficient detail to be able to propose
mammals (Semaphorin Nomenclature Committee, 1999). specific roles in particular guidance events. Third, it is
All members of this class are likely to be chemorepel- not yet known whether specific plexin subfamilies are
lents and can act on a wide range of neurons, including specialized for particular types of functions. Expression
dorsal root ganglion (DRG) neurons and sympathetic of a truncated plexin-A1 construct (a presumed domi-
ganglion (SG) neurons in the peripheral nervous system, nant-negative construct) in vitro blocks Sema3A-medi-
as well as hippocampal neurons in the central nervous ated repulsion of Xenopus spinal axons (Tamagnone et
system (Nakamura et al., 2000). al., 1999) and collapse of chicken sensory growth cones
(Takahashi et al., 1999). This supports a role for subfam-Two receptor families have been implicated in mediat-
ily A plexins in mediating repulsion, though the possibil-ing the actions of class 3 semaphorins: plexins and
ity that the dominant-negative constructs are interferingneuropilins (Nakamura et al., 2000). The nine known ver-
with some other pathway could not be excluded. More
direct evidence for a role in repulsion of these plexins3 Correspondence: marctl@stanford.edu
came from studies in COS cells in which those plexins4 These authors contributed equally to this work.
were coexpressed with neuropilin-1 and shown to trans-5 Present address: Department of Biology, Howard Hughes Medical
Institute, Stanford University, Stanford, California 94305. duce a contraction response to Sema3A that was pro-
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posed to be indicative of a repulsive function (Takahashi most of the E12.5 spinal cord. In the hippocampus,
plexin-A4 was moderately expressed in DGC and matureet al., 1999). Structure-function studies using this assay
led to the suggestion that only plexin-A1 and -A2 can pyramidal cells. Expression of other plexin family mem-
bers was not as strong and was restricted to a smallermediate the contraction response, through a mecha-
nism that involves release of these receptors from au- subset of cells. Plexin-A1 was found mainly in mature
pyramidal cells of the hippocampus, in the ventral spinaltoinhibition. Plexin-A3, in contrast, was not found to
mediate a contraction response, and therefore pro- cord, and weakly in the DRG. Plexin-A2 had a broad
expression pattern similar to plexin-A3 but only at mod-posed to be unable to mediate repulsion (Takahashi and
Strittmatter, 2001). erate levels and not in the SR and SLM of the hippocam-
pus. Its strongest expression was in mature pyramidalTo begin to address these issues, we have systemati-
cally surveyed the expression of the nine known plexins cells of the hippocampus, with moderate expression in
all E12.5 tissues tested and very weak expression inin sensory, sympathetic, and hippocampal neurons dur-
ing stages when these neurons are known to be respon- SCG. Expression of members of the plexin-B subfamily
appeared to be restricted to mature pyramidal cells,sive to semaphorins. We found that plexin-A3 is the
most ubiquitously expressed of the plexins in those tis- with B1 also expressed in DGC and B3 expressed at
moderate levels in the spinal cord, DRG, and TG. Plexin-sues. To address its function, we generated plexin-A3
knockout mice and examined how loss of plexin-A3 C1 displayed low-level expression in SLM and SR of the
hippocampus. Finally, plexin-D1 was found in the outerfunction affects semaphorin responses of these neurons
in vitro and the guidance of their axons in vivo. We also molecular layer of the dentate gyrus and in the SLM of
CA1 and CA3. Interestingly, the most divergent familyexamined whether the cytoplasmic domain of plexin-A3
can transduce a repulsive response in a heterologous member, plexin-D1, was expressed strongly in endothe-
lial cells throughout in the entire embryo.context. Contrary to the results in COS cells, our results
imply that plexin-A3 functions as a repulsive receptor
to mediate Sema3F responses in sympathetic axons, Generation of Plexin-A3 Mutants
contributes to other class 3 semaphorin responses in We decided to study plexin-A3 because of its abun-
these and other neurons, and is essential to the guid- dance and widespread expression. To determine its
ance of hippocampal axons in vivo. function, we generated plexin-A3-deficient mutant mice.
Homologous recombination in embryonic stem cells
was performed using a targeting vector designed toResults
replace exons 2 to 4 of plexin-A3 with a cassette con-
taining IRES-tau-GFP and expressing neomycin (FigureExpression Patterns of Plexin Family Members
in the Developing Nervous System 2A). Exons 2 to 4 encode the first 440 amino acids of
plexin-A3, including the entire signal sequence and mostThe expression patterns of mRNAs for plexin-A1, -A2,
and -A3 have been reported, but little is known about of the extracellular Sema-like domain. Loss of the signal
sequence should impair targeting of any truncatedthe expression pattern of other plexin family members
(Maestrini et al., 1996; Takahashi et al., 1999; Tamag- plexin-A3 protein that remains to the plasma membrane.
The genotype was determined by PCR and Southernnone et al., 1999; Murakami et al., 2001). To determine
the potential involvement of different plexins in regions blot analysis (Figures 2B and 2C). Based on syntenic
analysis with human plexin-A3 (SEX) (Chen et al., 1996),of the nervous system where semaphorin signaling has
been well studied, we used in situ hybridization to exam- Southern blot analysis on targeted ES cells lines (Figures
2B), and crosses of the plexin-A3-deficient mutantsine the expression of mRNA for all nine plexin family
members in the following systems (in the mouse): the (data not shown), we determined that mouse plexin-A3
is linked to the X chromosome. Although an IRES-tau-spinal cord, dorsal root ganglia (DRG) and trigeminal
ganglion (TG) at embryonic day 12.5 (E12.5), the superior GFP sequence was inserted into the targeting vector
(Figure 2A), GFP expression in the mutants was very lowcervical ganglion (SCG, a sympathetic ganglion) at
E13.5, and the hippocampus at postnatal day 1 (P1) (data not shown). Furthermore, since plexin-A3 protein
may be targeted to specific regions of neurons in which(Figure 1) (the results seen with plexin-A1, -A2, and -A3
are consistent with those previously described). it is expressed, GFP protein expression does necessarily
recapitulate the plexin protein distribution. Plexin-A3 ho-The strongest hybridization signals were observed for
plexin-A3 and plexin-A4 (a recently discovered member mozygous mutants are viable and are indistinguishable
from wild-type littermates. The percentages of miceof plexin-A subfamily); plexin-A3 was also the most ubiq-
uitously expressed in the tissues at the stages exam- after weaning from crosses between heterozygous fe-
males and wild-type males were 24.7% wild-type males,ined. Strong plexin-A3 expression was observed broadly
in the developing spinal cord, DRG, TG, and SCG in a 24.7% hemizygous males, 19.9% heterozygous females,
and 30.6% wild-type females (n 291). Thus, genotypicpattern suggesting expression in all differentiating neu-
rons. In the hippocampus, its expression pattern was analysis of mice after weaning revealed approximate
Mendelian frequencies, with a slightly decreased ratiomore complex, throughout all layers of the hippocam-
pus, including mature pyramidal cells, stratum oriens in heterozygous females.
To determine the expression of plexin-A3 in mutant(SO), stratum radiatum (SR), stratum lacunosum molecu-
lare (SLM), and dentate granule cells (DGC). Strong mice, we performed RT-PCR using RNA extracts from
E16.5 embryos. As expected, plexin-A3 mRNA was pres-plexin-A4 expression was also observed in DRG, TG,
and SCG. No obvious plexin-A4 signal was detected in ent in wild-type but not in mutant embryos (Figure 2D).
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Figure 1. Expression Patterns of Plexin Family Members in the Developing Nervous System
In situ hybridization was performed on all known plexin family members on different semaphorin-responsive tissues to determine their
expression patterns (name of each member indicated in upper left corner of each panel). Plexin-A3 is the most ubiquitously expressed family
member in all tissues examined. CV, cresyl violet staining. (A) Cross sections of E12.5 mouse embryos. SC, spinal cord; DRG, dorsal root
ganglion. (B) Cross sections of E12.5 trigeminal ganglion (TG). (C) Cross sections of E13.5 superior cervical ganglion (SCG). (D) Coronal
sections of P1 hippocampus. DG, dentate gyrus. All scale bars are 200 m.
Western blot analysis revealed the absence of plexin- and refer to them collectively as plexin-A3 knockout
mice.A3 protein from P1 brain lysates from plexin-A3-deficient
mice (Figure 2E), whereas its presence was readily de-
tected in wild-type P1 brain lysates. Thus, plexin-A3 Responsiveness of SCG and DRG Axons
from Plexin-A3 Mutants to Sema3Amutant mice have undetectable levels of plexin-A3
mRNA and protein and can be considered plexin-A3 null and Sema3F In Vitro
Since plexin-A3 is highly expressed in SCG and DRG,mutants. The phenotypes described below are highly
penetrant. Since plexin-A3 is on the X chromosome, we tested whether loss of plexin-A3 function impairs
responsiveness of these tissues to Sema3A and/orwe did not analyze heterozygous females due to the
complication of random X inactivation occurring in each Sema3F. Both Sema3F and Sema3A normally repel ax-
ons from E13.5 SCG, whereas only Sema3A repels nervefemale mouse. For simplicity, we treated hemizygous
males and homozygous females in the same fashion growth factor (NGF)-dependent axons from E12.5 DRG
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Figure 2. Generation of Plexin-A3 Mutant Mice
(A) Schematic structures of targeting vector, wild-type plexin-A3 gene, and mutant allele. The ATG start codon is in exon 2 (E2). Accurate
homologous recombination should generate a mutant allele that lacks exons 4 (E4), 3, and most of the exon 2 including the ATG. The 3 and
5 probes for Southern blot genotyping (cross-hatched boxes) and the PCR fragments specific for wild-type (WT PCR) and mutant (KO PCR)
alleles are indicated. B, BamHI; EV, EcoRV; K, KpnI; Pa, PacI; Xb, XbaI. (B) Southern blot analysis of two targeted ES cells (knockout, lanes
1 and 2) and control ES cells (wild-type, lanes 3 and 4). Genomic DNA was digested with KpnI and subjected to Southern blot analysis with
the 5 probe as indicated in (A). The sizes of the wild-type and mutant alleles are 8.7 and 3.8 kb, respectively. Plexin-A3 was predicted to be
on the X chromosome (see text). Since the ES cells are derived from males (XY), the absence of a wild-type band in the targeted cells confirmed
our prediction. WT, wild-type; KO, plexin-A3 knockout mice. (C) PCR genotyping of six pups from a cross between a heterozygote female
and a wild-type male. The sizes of PCR products are 434 and 300 bp for the wild-type and mutant alleles, respectively (M, male; F, female).
(D) RT-PCR was performed on total RNA from E16.5 embryos to show that RNA for plexin-A3 is missing in knockout embryos. PCR genotyping
was performed to confirm the alleles. Since sexing embryos is difficult at E16.5, () indicates a wild-type animal, and (-) indicates a homozygote
female or a hemizygous male. (E) Plexin-A3 protein is undetectable in knockout mice by Western blot analysis on P1 brain lysates. The
genotypes of all animals were confirmed by PCR (see [C]). A plexin-A3 cDNA was transfected into COS cells, and the cell lysate was collected
as a control (C). Filled triangles in (B)–(E) indicate wild-type bands. Open triangles in (B) and (C) indicate mutant bands.
(Chen et al., 1998; Giger et al., 1998). We first tested E12.5 DRG axons are normally repelled by Sema3A
but not Sema3F (Giger et al., 1998), so we also testedSema3F-mediated repulsion of E13.5 SCG in wild-type
and plexin-A3 mutant mice in a three-dimension colla- the response of DRG axons from plexin-A3 mutant mice
to Sema3A. When we presented DRG explants fromgen matrix. Strong Sema3F repulsion of SCG axons from
wild-type mice was observed, whereas the repulsion of wild-type and mutant mice with Sema3A-transfected
COS cells, we observed a mild defect in plexin-A3 re-axons from knockout mice was essentially abolished
(Figures 3A, 3B, and 3D). The reduction is comparable sponsiveness (Figures 3I and 3L). This difference was
most pronounced when we exposed the axons to a 1/2to that observed in neuropilin-2 knockout mice (Chen
et al., 2000; Giger et al., 2000), suggesting that both dilution of transfected COS cells expressing Sema3A
(Figures 3J and 3L). However, further dilution of theplexin-A3 and neuropilin-2 are essential components in
the Sema3F receptor complex in these neurons. cells yielded aggregates that failed to elicit differential
responses of axons from wild-type and mutant miceWe next compared the response of SCG from wild-
type and mutant mice to Sema3A. SCG axons from wild- (Figure 3K and 3L). Our results show that plexin-A3 con-
tributes partially to the responsiveness of E12.5 DRGtype as well as knockout mice were repelled by cell
aggregates from COS cells transfected with Sema3A axons to Sema3A but does not account for it entirely.
(Figures 3E and 3H). However, when we diluted the
Sema3A-transfected COS cells 1/10 or 1/100 with un-
Responsiveness of Hippocampal Axonstransfected COS cells and cocultured explants with
from Plexin-A3 Mutants to Sema3Athese cell aggregates, there was a very clear difference
and Sema3F In Vitro(Figures 3F–3H): SCG explants from the plexin-A3
Plexin-A3 is also strongly expressed in the developingknockout mice were no longer responsive to the diluted
and the adult hippocampal formation (Figure 1D) and insource of Sema3A, whereas wild-type SCG axons re-
regions that project to hippocampus, such as the sep-sponded robustly. Western blot analysis showed that
tum and entorhinal cortex (data not shown). It has beenthe amount of protein produced by each dilution was
shown that axons of embryonic neurons from explantsreduced by the appropriate dilution factor (data not
of the DG, CA3, and CA1 regions of the hippocampusshown). Thus, our results show that SCG axons from
are repelled by both Sema3A and Sema3F (Chedotal etplexin-A3 mutants lose their response to a lower con-
al., 1998). To determine whether plexin-A3 plays a rolecentration of Sema3A, suggesting a role for plexin-A3
in the Sema3A signaling complex. in semaphorin-mediated repulsion of these axons, ex-
Plexin-A3 Mediates Semaphorin Signaling
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Figure 3. Plexin-A3 Is Required for Sema3F and Sema3A Signaling in Sympathetic and DRG Axons
E13.5 SCG or E12.5 DRG were dissected and cocultured with cell aggregates. Mutant and wild-type explants were placed in the same culture
dish to aid direct comparisons between explants as schematized in (C). Fold dilution is indicated when the cell aggregate is from semaphorin-
transfected COS cells diluted with untransfected COS cells (F, G, J, and K). (A and B) Repulsion of sympathetic axons by Sema3F is abolished
in knockout mice. (E–G) Sympathetic axons from knockout mice partially lose responsiveness to Sema3A. (I–K) Repulsion of DRG axons by
Sema3A is also partially reduced. (D, H, and L) Quantitations of representative repulsion experiments. The repulsive activity is measured by
the axon outgrowth ratio P/D, where P is the extent of axon outgrowth on the side proximal to the cell aggregate, and D is the extent of axon
outgrowth distal to the cell aggregate. Therefore, a P/D ratio of 1 indicates no repulsion. Standard deviation for each condition is indicated
with a bar. For each experiment, eight explants were used for each condition. Each set of experiments was repeated at least three times,
and a representative is shown here. (D) SCG axons from knockout mice barely respond to Sema3F (p  0.0001, Student’s t test). (H) Undiluted
Sema3A-transfected COS cell aggregates repel sympathetic axons from both wild-type and knockout mice. However, there were differential
responses to 1/10 and 1/100 Sema3A (p  0.0001, Student’s t test). (L) Repulsion of DRG axons by Sema3A was also partially reduced in
mutant mice. In this case, axons challenged with cell aggregates from a 1/2 dilution of Sema3A-transfected COS cells show significantly
different responses between wild-type and knockout (p  0.004, Student’s t test). No difference is observed at other dilutions. SCG, superior
cervical ganglion; DRG, dorsal root ganglion; WT, wild-type; KO, plexin-A3 knockout mice. Scale bar is 500 m.
plants of DG, CA1, and CA3 were microdissected from response in the context of a chimeric receptor in which
the extracellular domain of plexin-A3 was replaced byE17.5 embryos and tested in vitro for responsiveness
to Sema3A and Sema3F. Axons emanating from ex- that of Met, a receptor for hepatocyte growth factor
(HGF) (Stein and Tessier-Lavigne, 2001). This Met-plants of all three subregions dissected from plexin-A3
mutants showed a reduced repulsion response to both plexin-A3 chimera was then introduced into embryonic
Xenopus spinal neurons, which are repelled by Sema3ASema3A and Sema3F (Figure 4A). As observed for SCG
explants, the responsiveness to Sema3F appeared more (Song et al., 1998). Wild-type neurons do not respond
to HGF but are attracted to HGF when wild-type Met isimpaired than the responsiveness to Sema3A (Figure
4B). Thus, plexin-A3 appears to play a similar role in introduced in these cells. In contrast, when the chimeric
Met-plexin-A3 receptor was introduced into these neu-semaphorin-mediated repulsion in these hippocampal
axons as it does for axons in the peripheral nervous rons, HGF elicited a robust repulsive response (Figures
5A and 5B). This result provides evidence that plexin-system.
A3 can function directly in signaling repulsion.
Axonal Repulsion Mediated by the Plexin-A3
Cytoplasmic Domain Defects in Peripheral Projections in Plexin-A3 Mutants
Sema3A function is required for proper projections ofThese results showed that plexin-A3 is necessary in part
to mediate responses to Sema3F and Sema3A but did a variety of peripheral neurons during embryogenesis,
including those of cranial nerve neurons, and spinal mo-not establish whether it has a direct signaling function
or simply functions as an accessory protein in a receptor tor and sensory neurons, whose axons are defascicu-
lated in Sema3A mutants (Behar et al., 1996; Taniguchi etcomplex. To test directly for a signaling function, we
took a gain-of-function approach, asking whether the al., 1997). The defects are consistent with the expression
pattern of Sema3A which is expressed heavily in theplexin-A3 cytoplasmic domain could mediate a repulsive
Neuron
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Figure 4. Hippocampal Axons from Plexin-A3 Mutant Mice Have a Reduced Repulsion Response to Sema3A and Sema3F
Explants of dentate gyrus, CA1, and CA3 were microdissected from E17.5 embryos and examined in three-dimensional collagen matrices.
(A) Representative response of explants from DG and CA3 to Sema3A, Sema3F, and control COS cells. Dotted lines represent the position
of cell aggregates. (B) Quantitation of the repulsion experiments. Quantitation method is as described in Figure 3. Greater than 27 explants
were tested in each condition. Sema3A and Sema3F mediate repulsion of hippocampal axons in all regions (see WT data, solid bars); however,
responses of mutant hippocampal axons to Sema3A and Sema3F are reduced (see KO data, white bars). DG, dentate gyrus; WT, wild-type;
KO, plexin-A3 knockout mice. Scale bar is 500 m.
periphery from the trunk region up to the first and second tions of spinal sensory and motor neurons appeared
largely normal in E10.5, E11.5, and E12.5 mutant em-branchial arches, and weakly in tissues surrounding the
eye (Taniguchi et al., 1997). Given the contribution of bryos (Figures 6I and 6J and data not shown). Immuno-
staining of transverse sections from E11.5 mutants withplexin-A3 to Sema3A signaling in vitro, we examined
whether plexin-A3 is required for peripheral axon projec- antibodies to TAG-1 to visualize sensory axons similarly
failed to reveal a defect in peripheral sensory projectionstions in vivo by analyzing the projections of pioneering
axons in E10.5, E11.5, and E12.5 embryos in plexin-A3 and also revealed no apparent defect in the central pro-
jection of sensory axons at the level of the dorsal rootmutants by neurofilament (NFM) whole-mount immuno-
staining. In E10.5 mutant embryos (15 embryos from entry zone (DREZ) (data not shown). We also examined
the collateral projections of sensory axons into the graythree litters), the positions and projections of most of
the identifiable cranial ganglia were normal (Figures 6I matter of the spinal cord at E13.5 and E17.5 by labeling
them with DiI injected into the DRG. No defects wereand 6J), but the ophthalmic branches of the trigeminal
nerve were defasciculated (Figures 6A and 6B), a pheno- observed at either age (Figures 6K and 6L and data not
shown). Immunostaining of sections from neonatal (P1)type that persisted at E11.5 (10 embryos from two
litters) (Figures 6C and 6D). Similar to DRG axons, E12.5 mice with antibodies to calcitonin-gene-related peptide
(CGRP) and substance P to label subpopulations oftrigeminal axons are repelled by Sema3A but not
Sema3F (data not shown). Since there is no difference those collaterals also failed to reveal any defects in the
mutants (Figures 6M and 6N).in the expression level of plexin-A3 in the three branches
of trigeminal ganglion (Figure 1B and data not shown),
we reasoned that this phenotype may be due to partial Defects in Hippocampal Projections
in Plexin-A3 Mutantsloss of Sema3A responsiveness. As for DRG and SCG
axons, we detected a moderate loss of responsiveness We next examined whether Plexin-A3 function is re-
quired for normal development of the hippocampal pro-in trigeminal axons from plexin-A3 mutants compared
to wild-type embryos (Figures 6E–6H). jections. The gross morphology of the embryonic and
adult hippocampus of plexin-A3 mutant mice was indis-In contrast to trigeminal axons, the peripheral projec-
Plexin-A3 Mediates Semaphorin Signaling
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Figure 5. The Cytoplasmic Domain of Plexin-A3 Is Sufficient to Mediate Repulsion in the Xenopus Spinal Axon Turning Assay
(A) Representative responses of stage 22 Xenopus spinal growth cones derived from wild-type animals (top panel) or from animals heterologously
expressing Met-plexin-A3 (center and bottom panels). Images show growth cones before (0 hr) and after a 1 hr exposure to a gradient of
HGF (10 g/ml) (top and center panels) or netrin-1 (5 g/ml) (bottom panel). With this delivery system, the concentration of the ligand at the
growth cone is estimated to be 0.1% of that in the pipette (arrows).
(B) (Top panel) Scatter plots of turning angles of wild-type and Met-plexin-A3-expressing axons in response to culture medium (control), HGF
(10 g/ml), and netrin-1 (5 g/ml). Each data point represents the turning angle of an individual growth cone. (Bottom panel) Net neurite
extension during the 1 hr period for the same group of neurons as in the top panel. Numbers in parentheses at the top of each plot represent the
total number of growth cones tested in each condition. Whereas wild-type growth cones did not respond to HGF in the pipette, Met-plexin-
A3-expressing growth cones were robustly repelled. In addition, the Netrin-1 pathway was not affected in the presence of Met-plexin-A3.
tinguishable from that of wild-type mice as revealed by Instead, they extended underneath the pyramidal layer
to the apex of the curvature in the CA3 region (Figurescresyl violet histology (Figures 7A and 7B and data not
shown). However, we observed a defect in the projec- 7D). The fact that this defect was also observed by Timm
staining (Figure 7F) suggests that these axons have de-tions of the dentate granule cells (DGC). DGCs normally
extend axons (the mossy fibers) to the basal dendrites veloped mossy fiber boutons and may make synaptic
contact with dendrites in the infrapyramidal regions.of CA3 pyramidal cells in a tight bundle that travels
adjacent to and above the pyramidal layer (the suprapy- Plexin-A3 is also expressed in regions that send affer-
ent projections to the hippocampus: the pyramidal cellsramidal or main bundle). Additionally, a small number
of mossy fibers travel below the pyramidal layer (to form of CA3, which send projections to contralateral hippo-
campus via the hippocampal commissural pathway, thethe infrapyramidal bundle of the mossy fiber pathway)
but cross the pyramidal cell layer and join the main entorhinal cortex, which projects to ipsilateral hippo-
campus via the entorhinal-hippocampal pathway, andmossy fiber bundle soon after leaving the hilus. Both
bundles of the mossy fiber projection can be selectively the lateral septum, which also projects to ipsilateral hip-
pocampus via the septohippocampal pathway (Figurestained with antibodies to calbindin (Figure 7C) or by
Timm staining (Figure 7E), which detects accumulated 1D and data not shown) (Super and Soriano, 1994). We
performed axonal DiI tracing to ascertain the role plexin-zinc in mossy fiber boutons and is correlated with the
level of functional maturity (Zimmer and Haug, 1978). In A3 plays in the development of these afferent projec-
tions. At P5, the hippocampal commissural pathway hasplexin-A3 mutant mice, the main mossy fiber pathway
appeared normal. However, the fibers of the infrapyrami- been established (Super and Soriano, 1994). A crystal
of DiI was placed in the pyramidal cell layer of CA3 ofdal bundle did not cross the pyramidal cell layer to join
the main mossy fiber pathway soon after leaving the P5 wild-type and plexin-A3 mutant mice and allowed to
label the commissural pathway anterogradely. In wild-hilus as they do in wild-type mice (Figures 7C and 7E).
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Figure 6. Peripheral Projections in Plexin-A3 Knockout Mice Are Largely Normal Except the Ophthalmic Branch of the Trigeminal Nerve
(A–D, I, and J) Whole-mount antineurofilament staining was performed on E10.5 and E11.5 embryos to search for axonal projection defects
in mutants. (A–D) Lateral view of embryos. Dorsal is to the right. The ophthalmic branch of the trigeminal nerve is defasciculated in mutants
([B] and [D], arrowheads) when compared with that of wild-type animals ([A] and [C], arrowheads). (E–H) Axons from E12.5 trigeminal ganglia
cocultured with Sema3A-transfected COS cell aggregates show a partially reduced response to undiluted or 1/10 diluted Sema3A (p  0.001,
Student’s t test). (I and J) Lateral view of E10.5 embryos. Dorsal is up, and rostral is to the right. The ganglion position and axonal projections
of cranial nerves as well as dorsal root ganglia (DRG) are apparently the same in wild-type (I) and knockout (J) animals. (K–N) The central
projections of DRG are normal in plexin-A3 mutants. Cross sections of lumbar spinal cord at indicated developmental ages. Dorsal is up. In
mutant embryos (L), dorsally terminating projections to the spinal cord (arrowheads) stop at a similar level when compared to the wild-type
(K). In P1 lumbar spinal cord, CGRP-immunoreactive fibers stop at similar levels (arrowheads) in both wild-type (M) and mutant (N) mice. III,
oculomotor nerve; IV, trochlear nerve; op, mx, and md, ophthalmic, maxillary, and mandibular branches of the trigeminal nerve (V); VII, facial
nerve; VIII, vestibulocochlear nerve; IX, glossopharyngeal nerve; X, vagus nerve. All scale bars are 500 m.
type animals, extensive labeling was seen in the contra- sural fibers entering into the fimbria. In the majority of
plexin-A3 mutant mice (9/11 animals examined), therelateral hippocampus (Figures 8A–8C), as previously de-
scribed (Super and Soriano, 1994; Barallobre et al., was a dramatic reduction in the number of DiI-labeled
axons in the contralateral hippocampus (Figures 8D–8F);2000). DiI-labeled axons entered the hippocampus
through the fimbria and then traveled through SO and the other animals (2/11) appeared normal. In the nine
affected animals, the decrease became more pro-terminated in SR, immediately adjacent to the pyramidal
cell layer. The entire fimbrial area was labeled by DiI nounced at more temporal/caudal levels of the hippo-
campus until virtually no label could be seen by midsep-throughout the septo/temporal extent of the hippocam-
pus (Figure 8B) because of the large number of commis- tal/temporal levels. The labeled fibers also entered the
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(Figure 8F) instead of in the SR. In the other affected
animals (2/9), the DiI-labeled axons were seen exclu-
sively in SO with no labeling in SR or SLM, suggesting
inappropriate termination within SO (data not shown).
To rule out the possibility that pyramidal cell axons
(commissural axons) were not being labeled either be-
cause of improper crystal placement or defects in axon
formation or growth, we also investigated the amount
and pattern of DiI labeling at the level of the hippocampal
commissure. In wild-type mice, many DiI-labeled axons
were seen on the side of the DiI injection (Figure 8G,
denoted by *). Additionally, many of these axons were
seen to cross the midline to the contralateral side. In
the plexin-A3 knockout mice, many axons could be seen
on the side of DiI placement (Figure 8J, denoted by *),
suggesting that the DiI crystals were placed properly
and that axon formation and growth was not obviously
defective. However, only a few of these labeled fibers
crossed the midline, suggesting these fibers were being
inappropriately targeted to a different region of the brain.
Comparison of the septal regions from these wild-type
and mutant brains revealed substantially increased la-
beling throughout the septum in the mutant animals. In
wild-type animals, only retrograde labeled cell bodies
in the medial septum and occasional axons in lateral
septal areas were observed with the CA3 DiI placement
(Figure 8H; Super and Soriano, 1994). However, in
plexin-A3 mutant animals, DiI-labeled axons were seen
in medial and lateral septum and in the ventral portion
of the septum known as the nucleus of the diagonal
band (Figure 8K). This strongly suggests that in plexin-
A3 mutants the commissural axons were not crossing
the midline and entering the hippocampus through the
fimbria but instead were inappropriately misrouted to
the ipsilateral septum.
We next tested whether other hippocampal afferent
projections are also defective. We placed crystals of DiI
in entorhinal cortex of P5 wild-type and mutant mice.
In both, this resulted in DiI labeling of the fimbria, the
alvear pathway, as well as axons terminating selectively
in SLM in CA3 and CA1 and in the outer molecular layer
of the DG (Figures 8M, 8N, and 8Q; Super and Soriano,
1994). Crystals were also placed in medial septum of
Figure 7. Projection of Infrapyramidal Mossy Fibers Is Altered in
P8 wild-type and mutant animals to study the formationPlexin-A3 Mutants
of the septohippocampal pathway. Similar patterns of
(A and B) Cresyl violet stain demonstrates that no gross defect in
labeling in both were seen, with strong labeling in thecell number, density, or position was observed in mutant brains.
fimbria and diffuse labeling in SO, SR, and SLM (data(C–F) Adult coronal sections were analyzed by calbindin immuno-
not shown; Super and Soriano, 1994). These patterns ofstaining (C and D) and Timm staining (E and F). In wild-type animals
(C and E), the infrapyramidal bundle is short (arrow) and crosses labeling are consistent with those described by previous
the pyramidal layer soon after leaving the hilus. In mutant animals studies utilizing similar anterograde tracing techniques
(D and F), many infrapyramidal mossy fibers abnormally extend and indicate that the final formation of the entorhinal-
underneath the pyramidal cell layer to the apex of the curvature of hippocampal and septohippocampal pathways are not
CA3 pyramidal layer (arrows). (G–J) Coronal sections of P1 hippo-
grossly perturbed in plexin-A3 mutant animals. DiI trac-campi showing similar expression of the dentate granule cell marker
ing is not ideal for studying short trajectory tracts, and,Prox-1 (G and H) and the pyramidal cell marker MATH-2 (I and J)
since there are no convenient markers for efferent andin wild-type (G and I) and mutant (H and J) animals. DG, dentate
gyrus; Fi, fimbria. Scale bars: (A), (C), and (E), 500 m; (G), 250 m; intrahippocampal pathways that may be affected follow-
(I), 200 m. ing loss of plexin-A3 function, a more detailed character-
ization of these tracts in the mutant animals will require
additional studies.
hippocampus through the fimbria but were so few in Abnormalities in laminar termination of commissural
numbers that individual axons could be distinguished. fibers have previously been reported to occur second-
Additionally, in many of these animals (7/9), the axons arily to loss or abnormal distribution of Cajal-Retzius
that did enter the contralateral hippocampus terminated (CR) cells, which populate SLM exclusively (Borrell et
al., 1999). However, this generally occurs in concert withinappropriately in SLM or at the border of SLM and SR
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Figure 8. Abnormal Hippocampal Commissural Projections in Plexin-A3 Mutants
DiI tracing studies were conducted in P5 animals to ascertain the role that plexin-A3 plays in the development of afferent projections to the
hippocampus. (A–H, J, and K) DiI crystals were placed in CA3, and the contralateral hippocampus was analyzed by fluorescence microscopy.
Sections were counterstained with sytox green (green) to aid in visualization of laminae. Insets in (A), (G), and (H) show the rostrocaudal level
at which analysis was performed. (A and D) Sytox green staining of wild-type (A) and mutant (D) hippocampus demonstrates that comparable
anatomical levels of brain were analyzed. Regions from (A) and (D) are displayed at higher magnification with both DiI and counterstain shown
in (B) and (C) and (E) and (F), respectively. (B and E) Comparison of the fimbrial region of wild-type (B) and mutant (E) animals shows that
many DiI-labeled axons enter the fimbria in the wild-type hippocampus, but only occasional fibers enter the fimbria of the mutant hippocampus.
(C and F) Closer inspection of the CA1 region in wild-type (C) and mutant (F) animals reveals differences in the termination patterns of DiI-
labeled axons. The wild-type axons traveled through SO and terminated in SR, immediately adjacent to the pyramidal cell layer. The mutant
axons, however, terminate inappropriately in SLM or at the border of SLM and SR, instead of in the SR. Interestingly, the amount of labeling
in SLM is comparable to the labeling in SR of wild-type animals, despite the reduced number of axons entering the contralateral hippocampus.
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defects in entorhinal-hippocampal laminar termination neurons. Through loss-of-function and gain-of-function
studies, we provide direct evidence for a role of plexin-(as in the reeler mutant mouse), which is also known to
be dependent on these CR cells (Del Rio et al., 1997). A3 in mediating class 3 semaphorin signaling and impli-
cate it in guidance of hippocampal axons in vivo.Since plexin-A3 mutant mice have a defect in only com-
missural fiber laminar termination but not in entorhinal-
hippocampal fiber termination, it seemed unlikely that Plexin-A3 as a Component of the Sema3F
and Sema3A Receptor Complexesa change in CR cell distribution would be responsible
for the commissural laminar termination defect. Indeed, A recent comparative study of plexin-A1, -A2, and
-A3 concluded that Sema3A and Sema3F signals arewe found that the distribution of CR cells was normal
in plexin-A3 mutants, as assessed using two markers transduced equally effectively by plexin-A1 and -A2 but
not -A3 (Takahashi and Strittmatter, 2001). This conclu-of these cells: reelin (Figures 8I and 8L) and calretinin
(data not shown). sion was derived from analysis of responses to Sema3A
or 3F of COS cells expressing neuropilin-1 or -2 in combi-Since plexin-A3 is expressed in the hippocampus from
the earliest stages of its development, we also examined nation with each of the plexins. Combinations of plexin-
A1 or -A2 with neuropilins could mediate a contractionin greater detail whether there were defects in cell differ-
entiation or migration using a variety of immunohisto- response in these cells in response to the appropriate
semaphorin (Sema3A for neuropilin-1-containing com-chemical and molecular markers. No differences in cell
number, density, or position were observed between plexes and Sema3F for neuropilin-2-containing com-
plexes), but plexin-A3 did not mediate such a response,wild-type and plexin-A3 mutant embryos or adult tissue
by simple visual inspection of cresyl violet-stained sec- whether it was complexed with neuropilin-1 or neuropi-
lin-2. On the assumption that the COS cell contractiontions (data not shown), although we cannot exclude the
presence of more subtle defects that could be detected assay was predictive of axonal repulsion, it was specu-
lated that plexin-A3 might function as an inactive buff-with a quantitative analysis. Additionally, no differences
were observed between wild-type and mutant animals ering component in DRG and SG neurons.
Our results are at odds with that conclusion. In plexin-at late embryonic (E18), early postnatal (P2), or perinatal
(P10) stages in the expression patterns of Prox-1 (a A3 mutant mice, SG neurons completely lose their repul-
sive responses to Sema3F, and the responses of thosespecific marker of DGC, Figures 7G and 7H), Lef-1 (a
specific marker of migrating immature granule cells, neurons to Sema3A and of other neurons to both
Sema3A and Sema3F are partially impaired. These re-data not shown), or MATH-2 (a specific marker of pyra-
midal cells, Figures 7I and 7J), indicating that differentia- sults show that plexin-A3 can be partially or completely
required for neuronal responses to class 3 semaphorins.tion and migration of the dentate granule cells and pyra-
midal cells are apparently normal in plexin-A3 mutant Furthermore, the cytoplasmic domain of plexin-A3,
when fused to the ectodomain of the Met receptor tyro-mice (Pleasure et al., 2000).
sine kinase, can mediate a repulsive response to the Met
ligand HGF when expressed in Xenopus spinal axons inDiscussion
culture. This result strongly supports the conclusion that
plexin-A3 is not just required but also sufficient to trans-Members of the plexin family have been proposed to
form receptor complexes with neuropilins to mediate duce a repulsive response in axons.
We do not know what accounts for the failure ofclass 3 semaphorin signaling (Takahashi et al., 1999;
Tamagnone et al., 1999), but a direct demonstration of plexin-A3 to transduce a contraction response in COS
cells. However, the idea that the function of a receptorthis function has been lacking, and the role of plexins
in axon guidance in vivo in mammals has not been de- in COS cell contraction is predictive of its function in
neuronal repulsion is simply an assumption. Our resultsfined. We have focused on plexin-A3, because expres-
sion analysis indicates that it is the most widely ex- emphasize the need to verify in a neuronal context any
conclusion drawn in COS cells.pressed plexin in DRG, SG, TG, and hippocampal
(G and J) Analysis of DiI patterns at the level of the hippocampal commissure demonstrates that, in wild-type animals (G), many DiI-labeled
axons were seen on the side of the DiI injection (denoted by *), and many of these axons were seen to cross the midline to the contralateral
side. In mutant animals (J), many axons could be seen on the side of the DiI injection (denoted by *), but only a few of these labeled fibers
crossed the midline. (H and K) Analysis of DiI patterns at the level of the septum reveals that, in wild-type animals (H), only retrogradely
labeled cell bodies in the medial septum and occasional axons in lateral septal areas were observed. In mutant animals (K), DiI-labeled axons
were seen in medial, lateral, and NDB regions of the septum. (I and L) Coronal sections of P1 hippocampi showing similar expression of the
Cajal-Retzius cell marker reelin in wild-type (I) and mutant (L) animals. (M, N, P, and Q) Crystals of DiI were placed in entorhinal cortex of P5
wild-type (M and N) and mutant (P and Q) animals. In all cases, such crystal placement resulted in DiI labeling of the fimbria, the alvear
pathway, as well as axons terminating selectively in SLM of CA3 and CA1. (O and R) Schematic model of the hippocampal commissural axon
defect in the plexin A3 KO mice in relation to Sema3A (purple) and Sema3F (green) expression, which are shown only on the contralateral
side for simplicity. In WT mice (O), neurons in area CA3 of the hippocampus extend axons that project through the fimbria into the commissure,
cross the midline, and then project to the contralateral hippocampus (red axons), avoiding the septum where semaphorins are expressed.
Additionally, neurons in area CA1 of the hippocampus extend axons that project through the hippocampal commissure but exit prior to
crossing the midline to enter the ipsilateral septum (blue axons). In KO mice (R), commissural axons enter the hippocampal commissure, but
most do not cross the midline and instead project to the same general area as hippocampal-septal projections (red axons) ignoring semaphorins
expressed in the area. CC, corpus callosum; DG, dentate gyrus; DGL, dentate granular layer; Fi, fimbria; H, hippocampus; LS, lateral septum;
MS, medial septum; NDB, nucleus of the diagonal band; S, septum; SLM, stratum lacunosum-moleculare; SO, stratum oriens; SP, stratum
pyramidale; SR, stratum radiatum. Scale bars: (A), (G), (H), and (M), 300 m; (I), 250 m.
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Axons from Plexin-A3 Mutants Respond mice at early stages of embryogenesis were found to
be corrected at later stages (White and Behar, 2000).Differentially to Sema3A and Sema3F
Plexin-A3 has been shown to coimmunoprecipitate with
neuropilin-1 and neuropilin-2 (Tamagnone et al., 1999; Plexin-A3 Is Required for Hippocampal Projections
Rohm et al., 2000), which are required for Sema3A and Hippocampal axons from plexin-A3-deficient mice lose
Sema3F signaling, respectively. It is reasonable to pro- their responsiveness to Sema3F and Sema3A in vitro,
pose that plexin-A3 and neuropilin-1 complex to form and the absence of plexin-A3 in vivo affects hippocam-
a Sema3A receptor, whereas plexin-A3 and neuropilin-2 pal pathfinding. Consistent with the mutant phenotype
form a Sema3F receptor. In two tissues that respond to in the hippocampus, plexin-A3 is expressed at high lev-
Sema3F, the SG and hippocampus, plexin-A3 is neces- els in the dentate gyrus. The exaggerated extension
sary for Sema3F-mediated repulsion, and it is therefore a of the infrapyramidal bundle in plexin-A3 mutant mice
necessary component of the Sema3F receptor complex. suggests that plexin-A3 is necessary for the proper tar-
On the other hand, loss of plexin-A3 only partially de- geting of these fibers. Infrapyramidal axons still cross
creases Sema3A-mediated repulsion in all Sema3A- the pyramidal layer to join the main mossy fiber pathway
responsive neurons examined. This might be due to but at greater distances than in the wild-type animals.
presence of a redundant receptor in those neurons that This is consistent with plexin-A3 controlling axon posi-
is also capable of mediating a Sema3A signal. The re- tioning, potentially through a repulsive mechanism. Al-
cently discovered plexin-A subfamily member plexin-A4 ternatively, this phenotype may be due to abnormal or
is a candidate for this receptor. In this model, the improper fasciculation, although the general state of
Sema3A signal is transduced by receptor complexes of fasciculation seems to be normal in the mossy fiber
neuropilin-1 with plexin-A3 and with plexin-A4, so that pathway of these mutant animals. In addition, the pres-
loss of plexin-A3 only partially impairs the response, ence of mossy fiber boutons, as demonstrated by the
and the effect of the loss is most evident at low concen- presence of Timm staining in the ectopic mossy fibers,
trations of Sema3A. implies these axons attain a level of functional maturity
Whereas the fact that the neurons from plexin-A3 mu- and suggests they may make connections with other
tant animals only partially lose responses to Sema3A cells, presumably resulting in the development of abnor-
implies that there is a redundant receptor, the fact that mal circuitry in these animals. Interestingly, the length
some of the same neurons (SG and hippocampal neu- of the infrapyramidal mossy fiber projection appears
rons) lose essentially all responsiveness to Sema3F im- to be positively correlated with performance in spatial
plies that this redundant receptor (perhaps plexin-A4) learning and memory tasks (Schwegler et al., 1990).
is not effective in transducing the Sema3F response. Thus, plexin-A3 mutant mice may be useful in shedding
One possible explanation for this would be if neuropi- light on the role of the infrapyramidal bundle on such
lin-2, which is necessary for Sema3F binding, does not behavioral processes.
complex effectively with the redundant receptor. Future The basis of the mossy fiber phenotype of the plexin-
studies will help identify the redundant Sema3A receptor A3 mutant mice is currently unclear, although there are
and explain this apparent specificity of plexin-A3 for at least three possible explanations. First, there may be
mediating the Sema3F response. a localized expression and release of a chemorepellent
that reroutes the infrapyramidal bundle across the pyra-
midal layer. Sema3F may be the candidate chemorepel-Plexin-A3 Mutants Show Few Axon Guidance
Defects in Peripheral Projections lent, as it is expressed throughout the hippocampus
(Chedotal et al., 1998). Interestingly, as described earlier,In an extensive search for embryonic axon guidance
errors in the peripheral nervous system of the plexin- both neuropilin-2 and plexin-A3 are components of a
receptor complex for Sema3F, and neuropilin-2 is alsoA3 mutant mice, we identified a defasciculation defect
in the ophthalmic branch of the trigeminal nerve. This expressed in the dentate granule cells during the period
of axon extension (Chedotal et al., 1998). Therefore itphenotype is also found in Sema3A and neuropilin-1
mutant mice (Kitsukawa et al., 1997; Taniguchi et al., is not surprising that the overshooting phenotype of
infrapyramidal bundle is also observed in neuropilin-21997) and is consistent with the idea that plexin-A3 me-
diates Sema3A signaling in a complex with neuropilin-1. knockout mice (Chen et al., 2000; Giger et al., 2000).
Second, plexin-A3 may be involved in homophilic orHowever, the less severe phenotype of plexin-A3 knock-
out mice, when compared to Sema3A mutants, is con- heterophilic cell-cell interactions required to reroute ax-
ons across the pyramidal layer in an efficient manner.sistent with our explant data discussed above and sup-
ports a model whereby plexin-A3 only plays a partial Third, the loss of plexin-A3-dependent repulsive effects
may uncover a permissive secreted or cell contact-depen-role in the Sema3A receptor complex(es), with another
receptor (presumably plexin-A4) contributing as well. In dent influence, and this unchecked positive influence may
allow overgrowth of the infrapyramidal bundle. The coin-this model, the importance of plexin-A3 in this receptor
complex is revealed only at low concentrations of cidence of this phenotype in both the plexin-A3 and
neuropilin-2 mutants argues in favor of the first and thirdSema3A, at which the other receptor by itself is not
sufficient to transduce an effective signal. Although we of these explanations over the second.
DiI tracing studies have revealed that plexin-A3 isdid not observe any severely defective peripheral axonal
projections in the plexin-A3 knockout mice, we cannot necessary for proper targeting of some afferent projec-
tions to the hippocampus. The commissural projectionrule out minor or transient defects in these embryos,
given the limited resolution of our labeling techniques but not the entorhinal-hippocampal or septohippocam-
pal projections is partially mistargeted in the plexin-A3and the fact that severe phenotypes in Sema3A mutant
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mutant mice. Arising from the pyramidal cells of area nation events in vivo and also support a role for this
plexin in mediating repulsion by class 3 semaphorins, par-CA3 of the hippocampus, these commissural axons nor-
mally cross the midline in the hippocampal commissure, ticularly the neuropilin-2-dependent semaphorin Sema3F.
Future studies will determine whether plexin-A4 ac-enter the contralateral hippocampus through the fim-
bria, and then project specifically to the stratum radia- counts for the residual class 3 semaphorin signaling
observed in neurons from plexin-A3 mutant animals ortum (Figure 8O; Super and Soriano, 1994). In mutant
animals, the axons enter the hippocampal commissure, whether different plexins or entirely different receptors
but most of them exit prior to crossing the midline and also contribute to this signaling. Nonetheless, the identi-
instead enter the septal area (Figure 8R). Several expla- fication of plexin-A3 as a key component of the Sema3F
nations could account for these highly penetrant de- receptor should focus attention on its cytoplasmic domain
fects. Early in development, neurons in area CA1 of as a starting point for the elucidation of repulsive sema-
the hippocampus extend axons that project through the phorin signaling mechanisms in mammalian neurons.
hippocampal commissure but exit prior to crossing the
midline to enter the ipsilateral septum (Super and Sori-
Experimental Proceduresano, 1994). Loss of plexin-A3 in the commissural axons
may cause them to inappropriately fasciculate with In Situ Hybridization
these hippocampal-septal axons and therefore abnor- In situ hybridization of tissue sections with digoxigenin probes was
mally enter the septum. On the other hand, plexin-A3 performed as described (Chedotal et al., 1998). The following plexin
antisense probes were generated by PCR: plexin-A1, DNA fragmentmay be involved in homophilic or heterophilic interac-
encoding amino acids 772 through 1102 in mPlexin-A1; plexin-A2,tions required for routing axons across the midline. Addi-
DNA fragment encoding amino acids 1038 through 1218 in mPlexin-tionally, a plexin-A3 deficiency may disrupt a delicate
A2; plexin-A3, DNA fragment encoding amino acids 334 throughbalance of different guidance cues that may exist at the
439 in mPlexin-A3; plexin-A4, DNA fragment generated from CD1
midline. In netrin-1 mutant mice, loss of an attractive brain cDNA homologous to amino acids 330 through 750 in hPlexin-
guidance cue from the midline tips this balance, result- A4; plexin-B1, DNA fragment from mouse EST homologous to amino
ing in commissural axon innervation of the septum (Bar- acids 1740 through 2050 in hPlexin-B1; plexin-B2, DNA fragment
from mouse EST homologous to amino acids 1479 through 1721 inallobre et al., 2000). Loss of plexin-A3 may cause a
hPlexin-B2 (KIAA0315); plexin-B3, DNA fragment from mouse ESTsimilar upset by decreasing a repulsive cue from the
identical to amino acids 1749 through 1836 and 3 untranslatedseptum, thus allowing axons to enter. Consistent with
region in mPlexin-B3; plexin-C1, DNA fragment from mouse EST
this idea, Sema3F is expressed in the most medial as- identical to amino acids 1069 through 1361 in mPlexin-C1; plexin-
pect of the septum, and Sema3A is more laterally ex- D1, DNA fragment from mouse EST homologous to amino acids
pressed, also within the medial septum (Figure 8O and 1230 through 1650 in hPlexin-D1.
The probes for prox-1, math-2, and reelin have been previouslySupplemental Figure S1 at http://www.neuron.org/cgi/
described (Chen et al., 2000).content/full/32/2/249/DC1). Repulsion from these sema-
phorins may prevent entry of the commissural axons
into the septum, and loss of this repulsion may lead to
Generation of Plexin-A3 Mutant Mice
abnormal invasion into this region, despite the continued DNA fragments covering 15 kb plexin-A3 genomic sequence were
presence of netrin-1 at the midline. obtained from screening a BAC library (Genome Systems, Inc.).
When compared with the human Plexin-A3 genomic sequence (Chen
et al., 1996), the mouse Plexin-A3 sequence had a similar genomicLaminar Termination Defects in Plexin-A3 Mutants
pattern. The targeting vector was designed to replace exons 2 to 4Tracing studies have shown that developing hippocam-
of plexin-A3 with a cassette containing an IRES sequence with tau-
pal afferent axons invade their appropriate domains and GFP and a PGK-neo (IRES-tau-GFP-neo, a gift from P. Mombaerts).
layers in a highly specific fashion (Super and Soriano, It contains 2.6 kb homologous sequence upstream of the ATG start
1994). Such stereotyped growth suggests the involve- codon of plexin-A3, a 4.9 kb IRES-tau-GFP-neo cassette, and a 6.8
kb homologous sequence containing exons from 5 to 28. To gener-ment of short-range cues providing layer-specific tar-
ate targeted ES cell lines, the vector was linearized and electropor-geting information. Previous studies of reeler mutant
ated into W9.5 ES cells. Three correctly targeted ES cell lines weremice deficient in reelin implicate a chemorepellent asso-
identified, and one gave good germline transmitting male chimera.ciated with Cajal-Retzius cells that inhibits commissural
Heterozygous females were generated and were used to establish
axon outgrowth into SLM (Borrell et al., 1999). Moreover, lines that were backcrossed into either a C57BL/6 or a CD1 genetic
it has been suggested that Sema3F may play an impor- background.
For Southern blot analysis, genomic DNA was digested by KpnItant role in lamina-specific projections of hippocampal
or BamHI and hybridized with a radiolabeled 5 or 3 probe, respec-afferents (Chedotal et al., 1998). Plexin-A3 mutant com-
tively. A diagnostic 3.8 kb fragment using the 5 probe or a 12 kbmissural axons project to inappropriate laminae within
fragment using the 3 probe indicated the mutant allele. For rapidthe hippocampus, supporting the idea that the loss of
genotyping, three primer PCR reactions were performed with a com-
plexin-A3 causes a reduction or loss in response to this mon antisense primer (5-CACCTGCTTCTCACTCAGGA-3), a sense
Sema3F-based cue. Additionally, the observed switch primer for the wild-type allele (5-CCCTGAATAGGGTGTAATAA
in laminar termination zones also suggests the un- CTT-3), and a sense primer for mutant allele (5-GCCAAGTTCTAAT
TCCATCAGA-3). The PCR products for wild-type and mutant weremasking of an attractive cue within SLM. We did not
434 bp and 300 bp, respectively.observe laminar termination defects in spinal cord (Fig-
RT-PCR was performed on RNA from E16.5 embryos with primersures 6K–6N) or cerebellum (data not shown) in plexin-
5-CACCTGCTTCTCACTCAGGA-3 and 5-AGCATTCTGTGGTTTTA3 mutant mice, suggesting the importance of cues
CATCG-3. Western blot was performed on P1 brain lysate with
other than Sema3F in directing these terminations. antibody specific to Plexin-A3. The rabbit polyclonal antibodies were
Taken together, our results demonstrate clear func- generated against the plexin-A3-specific peptide: EESLVPSP
PPGPA.tions of plexin-A3 in axonal guidance and laminar termi-
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Explant Culture tive cranial and sensory nerves and hippocampal mossy fiber pro-
jections. Neuron 25, 43–56.Explants from E13.5 SCG, E12.5 DRG and TG, or E17.5 hippocampus
were cocultured with COS cell aggregates and stained as described Comeau, M.R., Johnson, R., DuBose, R.F., Petersen, M., Gearing,
(Chen et al., 2000). P., VandenBos, T., Park, L., Farrah, T., Buller, R.M., Cohen, J.I., et
al. (1998). A poxvirus-encoded semaphorin induces cytokine pro-
Immunohistochemistry duction from monocytes and binds to a novel cellular semaphorin
Whole-mount immunostaining using 2H3 anti-NFM antibody on receptor, VESPR. Immunity 8, 473–482.
E10.5, E11.5, and E12.5 embryos was performed as described (Chen Del Rio, J.A., Heimrich, B., Borrell, V., Forster, E., Drakew, A., Alcan-
et al., 2000). P1 brains and spinal cords were fixed, sectioned, and tara, S., Nakajima, K., Miyata, T., Ogawa, M., Mikoshiba, K., et al.
stained with anti-CGRP antibody (Chemicon). Calbindin immuno- (1997). A role for Cajal-Retzius cells and reelin in the development
staining and Timm staining was performed as described (Chen et of hippocampal connections. Nature 385, 70–74.
al., 2000).
Giger, R.J., Urquhart, E.R., Gillespie, S.K., Levengood, D.V., Ginty,
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